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Introduction

As mentioned in previous reports and the original proposal, the overall objective of this
project has been to develop a 3D ultrasound contrast imaging system for characterizing
suspicious breast masses.  This report summaries the progress made in this regard over the
original grant period and no-cost extension periods.  As such, with the notable exception of the
summary of the final work period, much of the text is adapted and integrated from previous
reports and/or refers to published or submitted work in the appendix.  Appendix materials
include reprints of 6 abstracts as well as two peer-reviewed papers submitted to Ultrasound in
Medicine and Biology: (1) “Rapid 3D Imaging of Contrast Flow: Demonstration of a Dual Beam
Technique” and (2) “Rapid 3D Imaging of Contrast Flow II: Application to Perfused Kidney
Vasculature,” in press and under revision, respectively.

The originally proposed method uses a dual-transducer scheme to map mean blood
transit time in three dimensions.  The method requires a fraction of the time necessary to obtain
similar information using other standard contrast imaging techniques, and it should provide
information related to normal and anomalous vascular characteristics in and around suspicious
masses. In addition, the technique should allow visualization of areas of slow flow and
microvasculature, which cannot be detected with conventional Doppler imaging methods.  It is
hypothesized that these measures will enhance our ability to discriminate benign from
malignant lesions as well as serve to increase our understanding of tumor biology in terms of
vessel formation.

The originally proposed schedule would have concluded at the end of year three;
however, we eventually opted to continue method refinements and analysis techniques during
two no-cost extension periods rather than entering into clinical trials with uncertainties
remaining in the actual methodology.  In particular, it became apparent that simple mean
transit time measurements are insufficient to describe vascularity and flow characteristics.
Perfusion is the quantity of interest, and its estimation requires an estimate of fractional blood
volume.  Our methods were investigated to this end and are presented in the body of the report.

We have not abandoned a clinical trial aspect to the work, but it has unfortunately fallen
beyond the scope of the grant period.  We have made significant preparations in this regard,
including ongoing consultation and collaboration with GE Global Research, the latter formal
arrangement funded through other sources.  In addition, a modified version of the dual-
transducer scanning apparatus is in place, and a scheme has been developed for a single-
transducer, “dual-sweep” version of the original technique.
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Body

Background:
Given that the following background text provides information regarding the impetus of

the proposed work, it is essentially unchanged from our previous reports.  As mentioned in the
original proposal and other yearly reports, previous studies by other investigators have
demonstrated characteristics of vasculature associated with malignant breast masses.  These
have included thin-walled blood vessels, increased microvessel density, disordered neo-
vascularization penetrating the mass, arteriovenous shunting, and a variety of characteristic
Doppler ultrasound and histologic findings [Lee et al. 1996, Peters-Engl et al. 1998]. Some
studies strongly suggest that flow velocity demonstrates significant correlation with tumor size
[Peters-Engl et al. 1998] and that parameters such as vessel count and flow velocity display
significant differences between malignant and benign lesions [Madjar et al. 1994]. A
shortcoming of most of these trials has been the limitation of 2D images in assessing overall
vascular morphology, density, and velocity distributions.

Given the limitation of 2D studies and the relative sparseness of breast vasculature, our
group has investigated the utility of 3D breast imaging for several years. Recently published
results [LeCarpentier et al. 1999] indicate that one of our Doppler vascularity measures, Speed
Weighted pixel Density (SWD), is statistically different for benign versus malignant lesions and
comparable to ultrasound grayscale (GS) evaluation.  More recent work in a 38 patient pool
suggests that multi-variable indices (which include both SWD and GS features) demonstrate
good results in differentiating benign from malignant breast masses well beyond GS evaluation
alone [Bhatti et al. 2000 ].  In a follow-up study (submitted and accepted for publication), the
results of the initial 38 patients (18 benign, 20 malignant) were used to form a learning set (A),
and multivariable indices were established using Bayesian discriminators.  In Group A, 94%
specificity was achieved for the SWD-Age-GS index at 100% sensitivity.  Applying the same
linear function to the second pool (B) resulted in 86% specificity at sensitivity of 100%
[LeCarpentier et al. 2002]. The diagnostic performance of SWD in our second patient population
strongly suggests the utility of vascular indices in the characterization of breast masses.

In addition to Doppler imaging, a number of investigators have performed extensive
evaluation of ultrasound contrast agents in the evaluation of blood flow. Success of low-frame-
rate imaging (termed "transient response imaging" or "interval imaging") is related to the "refill"
of agent into tissue  [Porter and Xie 1995, Porter et al. 1997].  Monitoring refilling has estimated
the perfusion in tissue [Wei et al. 1998] and specific pulsing sequences such as "Flash Echo
Imaging" (Toshiba Medical Systems) and "Power Pulse Inversion" (ATL/Phillips) have been
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developed on ultrasound scanners to obtain refill information. Studies at our institution
[Fowlkes et al. 1998] have shown that it is possible to destroy contrast agent flow in arteries to
produce interruptions with signal separation up to 30 dB.  Similar interruptions allow
downstream contrast agent to clear and the release of a short bolus by temporarily turning off
the field [Rhee et al. 1998].  All of these methods rely on controlled destruction of contrast

agents and subsequent reflow into tissue.
Complications associated with such measurements in
3D are addressed in this work.

Figure 1 shows a general schematic of contrast
disruption and refill. An ultrasound beam is used to
destroy contrast agent in all vessels in the imaging
plane. The larger vessels with significant volume flow
and high flow rates would quickly refill.  The volumes
of interest, however, are slower flow in the capillary
bed.   As the arterioles are filled, the contrast can be
visualized, and eventually capillary refill will be seen.
Figure 2 depicts the dual-transducer imaging scheme.
For the sake of discussion, consider the case of a
patient under constant drip infusion of ultrasound
contrast agent.  At steady state, the imaged blood is
100% contrast enhanced.  By translating an ultrasound

transducer transmitting a
sequence of high-intensity
pulses, a wavefront of
maximally broken
contrast or  “zero-
contrast-enhanced” tissue
is formed.  Although the
figure shows vessels
virtually flowing in the
same direction for
simplicity, a model will be
developed to describe the
more “real-world”
scenario of isotropically

Figure1.  Schematic representation of 
ultrasound contrast refill.  An ultrasound beam is 
used to destroy contrast agent in all vessels in 
the imaging plane (A). The larger vessels quickly 
refill (B) and feed the smaller arteries and 
arterioles with fresh contrast (C & D).  Over time, 
capillary refill can be visualized.

Figure 2.  Schematic of dual-transducer method or monitoring capillary refill.  The 
high intensity  transducer is used to destroy contrast and create a zero-contrast-
enhanced wavefront.  The low intensity imaging transducer follows behind at some 
fixed time (distance).  By sequentially scanning the same region using different 
delays, a refill-time map can be constructed for the volume.
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distributed flow into and out of the particular volume of interest. The second transducer, which
arrives at the same location at time 2, images the partially refilled volume.    This process can be
repeated multiple times using different delay settings between contrast destruction and
imaging to estimate refill rates for every region in the overall imaged volume.

Specific Tasks:
In the originally proposal document, the approved statement of work included the five

major tasks listed below:

Task 1 (months 1-6):  Model input function of contrast agent destruction:
(a) Generate mathematical flow model
(b) Measure beam profile
(c) Incorporate various profiles, flow, and scan rates

Task 2 (months 3-12):  Assemble and test mechanical imaging scan system:
(a) Design and construct mechanical translation system
(b) Design and test electrical interface
(c) Design and test interface software

Task 3 (months 13-24):  Design and perform experimental assessment of imaging system design:
(a) Evaluate performance on strict flow tube models
(b) Evaluate performance on kidney phantom
(c) Evaluate 3 point method of refill curve modelling

Task 4 (months 1-24):  Develop and assess visualization and quantification software:
(a) Verify flow model
(b) Develop regional mapping software (*can start as soon as the project begins)
(c) Develop and evaluate parametric histogram visualization scheme

Task 5 (months 13-36):  Assess system and 3D imaging software on small patient population:
(a) Recruit patients
(b) Perform scans
(c) Evaluate refill maps and parameterize
(d) Test discriminators

Task 6 (months 30-36):  Overall data analysis and write-up

At project's end, these tasks were addressed except for the assessment of the imaging
system on an actual patient population.  Quantification software (Task 4), shown in a previous
report, could be modified to use data generated in schemes developed later.  Task 3 was
extensively expanded over the final years of the grant period, including 2 no-cost extension
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periods, the final no-cost period being fairly lean.  A significant portion of the analysis and
discussion of these aspects appear in the papers "in press" and "under revision" in the appendix
of this report.  Additional analyses, which will appear in the revised paper submission, are
described in the body of the report.

Results:
A laboratory set-up and interface software was developed

to implement the dual-transducer method described in the
introduction and previous reports.  The apparatus shown in
Figure 4 of  the “Demonstration of a Dual Beam Technique”
paper in the appendix was used to translate the transducer pair
at a constant rate.  The distance between the two transducers
was varied, and clearance/imaging sequences were performed
over a 6.35 mm flow tube and kidney phantom.  Contrast
clearance zone thickness was imaged by applying multiple
pulses to the tube and imaging longitudinally with low power
as shown in Figure 3.  This provided a “true” transducer
separation distance for the analysis.   The resulting imaged

Figure 3. Image of contrast clearance zone
thickness. This image, obtained from the imaging
transducer at low power shows the 6 mm gap in
stationary contrast generated by the clearance
transducer after a series of 10 pulses. As such, the
effective transducer separation was considered half
of the gap (3 mm) less than the physical transducer
separation.

Figure 4. Sample planar images
of tube flow. For the 0.040 mL/s
flow rate, these images are a
sample of those directly
obtained in the transducer axial-
lateral plane of the flow at a
distance d of 16 mm for differing
values of ∆t. The circles of
contrast have observed
diameters respectively of 3.36,
4.47, 5.53, and 5.97 mm
corresponding to theoretical
values (outlined) of 3.67, 4.36,
4.76, and 5.02 mm with
increases in ∆t.
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paraboloid is shown in the appendix.  Figure 4 here presents corresponding cross-sectional
views, which agree well with expected values.  Again, overall results are discussed in the
“Demonstration of a Dual Beam Technique” paper in the appendix.

Analysis of studies on fixed porcine kidney phantoms as described by Holmes and others
[Holmes et al. 1984] initially resulted in the discussion shown in  given in the “Application to

Perfused Kidney Vasculature”
paper in the appendix.  As
mentioned previously, the
logistics of dehydrating and
rehydrating these kidneys were
initially problematic.   As also
continued to be an issue, the
stability of contrast agent
(Definity) was also problematic
given the relatively long (20-30
minute) experimental protocol
due to contrast exposure to
atmosphere, suspension (stirring)
issues, and various pumping
parameters. Experimental results
in the paper were thus interpreted
with all of these factors in mind.
regardless of interpretation, of
particular interest are example
cross-sectional images of the
kidney during refill and
longitudinal images extracted
from the 3D volume as shown in
Figures 3 and 7 of the paper,
respectively.  Cross-sectional
images are reproduced here in
Figure 5.  With no correction or
absulute calibration, we were able
also to apply a method of
parametric display of mean

Figure 5. Representative transverse images obtained for a representative
slice from preserved porcine kidney with interval imaging, real-time refill, and
the dual transducer technique for refill times of 0, 16, and 288 sec. Images
from real-time refill and dual transducer are obtained with the same acoustic
settings as the 2% acoustic output interval imaging data. Interval imaging
images obtained at 100% acoustic output are brighter because of the high
transducer output used to obtain the images. Contrast clearance was
obtained for both interval imaging cases and real-time refill using 50 pulses
at 5 Hz at an acoustic output of 100%. The separate clearance transducer
provided contrast clearance for the dual-transducer measurements. A
rectangular window marks the region of interest in subsequent mean transit
time comparisons.

Δt - 0 (empty) Δt - 16 sec Δt - 288 sec
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transit times for the 3D volume.  An
example slice is shown in Figure 6.
While we have reason to believe
that these absolute times may have
some inaccuracies, the mapping
scheme is nonetheless valid, and
will be modified to display final
results when they are achieved.

In addition to the submitted
and published works, ongoing
preparations for a small clinical trial
were being made.  In terms of
measurements, we have developed
a scheme to and sufficiently fast
transducer-holder apparatus (the
latter funded under a separate
grant) to modify the “dual-

transducer” technique to a “dual-sweep” technique.  Figure 7 shows the transducer stage,
which is able to traverse an area of interest in roughly 4 seconds.  This will allow a “back-and-
forth” sweeping to capture signal levels at
appropriate time points, assuming early times are
acquired slice-by-slice at minimal cost to the overall
exam time.

In terms of analyses  planned for the final
trials, initial results of normalizing measured signals
to a “threshold” intensity of the overall image
(which presumably would represent 100% “blood”)
looked promising.  However, while threshold
values appeared fairly stable with varying degrees
of tissue refill, it became apparent that input
contrast signals were not (as monitored in a major
input vessel). We assumed that overall major vessel
signals were lost or at least hidden in cumulative
histograms.  Figure 8 shows an example of contrast signal behavior in a major vessel as
measured over time, in this case, in several “dual-transducer” runs.  The time points represent
the actual time when data was acquired over the course of the experiment.

Figure 6. Initial parametric images of mean transit time (MTT) in
porcine kidney.  (Left) Grayscale bar white to nearly black represents
shortest MTT (fastest refill) to longest MTT (slowest refill).
Indeterminant points are black.  (Right) Colorized MTT super-imposed
onto original image, red to blue represents fastest to slowest refill.
Efforts are underway to reduce the indeterminant regions, apparent
primarily in the medullary region in this example.  The scheme will
also be used to display actual perfusion values as obtained in
ongoing work.

Figure 7.  Single transducer apparatus.  XY
translation are both computer controlled, and
imaging occurs through a mammographic style
paddle for stability, although compression levels
for the region of interest can be minimal.  The
“single-transducer-dual-sweep” scheme should
be comparable to the investigated protocol.
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Given the fact that the contrast signal
changes over time, a scheme for
normalizing the measured signal in the
kidney was developed.  The scheme is
sensitive to the fact that a given major
vessel signal may or may not be under the
same conditions as the region of interest.
In our case, it was important to correct for
their relative locations in the image.  Since
the vessel is deeper, TGC, beam effects,
and perhaps other influences affect the
signal level of the lower lying vessel.  To
account for this, we have analyzed the
signals at an upper and lower region of
interest (ROI) over a broad range of
contrast concentrations, simply acquired
over the course of numerous experimental runs (Figure 9).  In the end, we assume a relationship
as follows:  I_lower = R•I_upper•10^(-0.1•KD•I_upper), where K is a derived constant, D is

Figure 8,  Contrast signal level decay over
time.  Presented are four intensity plots
measured in the renal artery of an in vitro
porcine kidney. In this case, the input flow rate
was 1L/hr during dual-transducer acquisition.
The abscissa represents the actual time data
points were acquired rather than the time
coordinates on the refill curve (see text).

Figure 9,  Regions of interest used to establish
the relationship of upper and lower signal levels
in the porcine kidney.  The input major vessel is
also highlighted.

Figure 10. Model to establish a scaling factor R to
account for beam effects present at lower depths.
Data from numerous experiments of refilling kidney
provided the points on the curve.  We assume a
relationship as follows:  I_lower = R•I_upper•10^(-
0.1•KD•I_upper), where K is a derived constant, D is
distance, KD•I_upper is a simple expression of
attenuation due to contrast agent, and R is a scaling
factor accounting for any other differences between
the upper and lower regions.  K•I_upper, then, is the
attenuation coefficient for the “full” tissue (i.e. with
contrast).  Note the trend in data and modeled curve
fit agree well.
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distance, KD•I_upper is a simple expression of
attenuation due to contrast agent, and R is a
scaling factor accounting for any other
differences between the upper and lower
regions.  K•I_upper, then, is the attenuation
coefficient for the “full” tissue (i.e. with
contrast).  This relationship is shown in Figure
10 for the given data, high power interval-
imaging data in this case.  From the curve fit,
the isolated value of R is 0.033, which can be
used subsequently to scale the measured
intensities of the major vessel signal.  The
value of KD for this particular case was 0.004.

As a check, for a distance D between
ROIs of 2.5 cm (5 cm round trip), KD = 0.004;
so K = 0.0008.  As a check, if the attenuation

coefficient of tissue with contrast agent (αfull)

is the intensity of the full upper ROI times K, then assuming an asymptotic mean signal level for
the upper ROI of 1000, αfull = 0.8 dB/cm.   With a fractional "blood" volume of 10% and our

nominal input contrast concentration of 1:5000, the concentration of contrast in the imaged
kidney is 10% times 1/5000 = 2 x 10-5, or 0.02 ml/L.  Such values (0.8 dB/cm at 0.02 ml/L) are
at least consistent with the literature.

Using the corrections noted, refill curves for various cases of repeated studies including
full power interval-imaging, low-power interval-imaging, and our dual-transducer technique
were compared for a sample slice extracted from the 3D dual-transducer measurement.  A
sample refill curve is given in Figure 11.  In this case, final fractional blood volume was roughly
8%, and mean transit time 65 seconds.  Figure 12 shows the full complement of perfusion data.
It is interesting to note variations in mean transit time among techniques, which was also
present within given methods.  Perfusion values, nonetheless, appear reasonable, with “fast-
flow” cases always exceeding their “slow-flow” counterpart, and all values remaining within a
statistically tight region.  The implication is that despite fluctuations in input signal, input flow,
and overall flow patterns within the kidney, the proposed method is as consistent as any other.
The advantage, as described, is that we actually have 3D data throughout the kidney.

Figure 11. Sample refill curve of a cortex region of
interest in a fixed porcine kidney.  Corrected values
yield a smooth fit and reasonable values of final
fractional blood volume (~8%) and mean transit time
(~65 seconds).  See text for details.
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It is unfortunate that the clinical trials were not undertaken: however, given the
complexity of the method and analysis, we believe that we are near that point, and as noted,
preparations have been made to that end.

Figure 12.  Perfusion measurement comparisons in a
fixed porcine kidney.  The three methods compared
are interval-imaging under two different power levels
and the investigated dual-transducer method.  All data
were corrected based on major vessel signals (see
text).  Although further investigation may be needed
to determine why perfusion does not appear to scale
with input flow rate in our particular region of interest,
the three methods appear to yield comparable results.
It should again be noted that the dual-transducer
method provides similar data throughout the volume
of interest, and these comparisons are simply
samples extracted from the reconstructed volume.
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Key Research Accomplishments

• Designed and completed mechanical scanning apparatus and its software interface.
Additionally, a scheme was developed to migrate the "dual-transducer" method to a "dual-
sweep" method with a single transducer apparatus.

• Performed extensive flow-tube experiments to determine reasonableness of dual-transducer
method in the simplest case.  This phase included quantifying a contrast “destruction zone”
as a function of transducer output and number of pulses as well as correlating measured
tube flow profiles with theoretical profiles, accounting for destruction zone characteristic.
Additionally, variations from expected results were explained with a simplified
mathematical tube model, accounting for time spent in the ultrasound beam.

• Experiments were extended to a fixed porcine kidney phantom after working out logistics of
reproducibly of the model and developing an appropriate experimental pumping interface.
Preliminary results showing refill characteristics of the kidney were compared for the dual-
transducer versus the interval-imaging mode, and a parametric mapping scheme was
developed.

• Extensive re-testing of kidney phantom provided insight into possible anomalies displayed
in “real-time” refill scenarios, perhaps due to some destruction by low-power ultrasound
pulses and possible coalescence of contrast agent bubbles.  As such, comparison to “real-
time” refill was dropped from the analysis due to (1) uncertainty regarding our “non-
destructive” imaging scheme, and (2) its inherent difference in scheme from the other
methods.

• Initial analysis of cumulative histograms of ultrasound scans showed promise in
determining a value for %100 “blood” for each imaged slice.  This method was eventually
dropped due to ever-increasing threshold values for 100% "blood," imaged over time.  While
explainable, this would be inappropriate as a calibration/normalization value. Instead,
signal level from an actual major vessel was used for normalization.

• Major vessel signals reflect the variation in contrast input level; however, corrections were
required to account for vessel position relative to regions of interest.  A preliminary model
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was developed to account for positional diffierences between the reference and ROI, and
results were applied to kidney refill images.  The impact of this is that we should not only
be able account for a varying input contrast signal, but may well be able to actually estimate
perfusion.

• Such perfusion levels were in fact estimated with the described normalization scheme.
Initial results on repeated kidney phantom studies for two input flow rates are promising,
displaying reasonable perfusion values as well as reasonable estimates of contrast
attenuation as a function of concentration.

• Refinements to the refill model are underway and preparations continue for clinical trial
testing, which will be performed using internal funds and/or a follow-up grant.

Reportable Outcomes

The following publications stem from the grant, and are in press, submitted, or in revision.  All
are attached in the Appendix.

Peer Reviewed Papers

1. Chen NG, Fowlkes JB, Carson PL, LeCarpentier GL: Rapid 3D Imaging of Contrast Flow:
Demonstration of a Dual Beam Technique. Ultrasound in Medicine and Biology, 2007 (in press).

2. Chen NG, Fowlkes JB, Carson PL, LeCarpentier GL: Rapid 3D Imaging of Contrast Flow II:
Application to Perfused Kidney Vasculature. Ultrasound in Medicine and Biology, 2007
(submitted 2005, returned for revision, in revision).

Abstracts

1. LeCarpentier GL, Chen NG, Fowlkes JB, Carson PL:  Preliminary Results of a New Method of
3D Ultrasound Contrast Agent Mapping of Vascular Anomalies for Characterization of Breast
Cancer.  Era of Hope Department of Defense Breast Cancer Research Program, Sep 25-28,
Orlando, 2002, Proceedings P29-6.
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2. LeCarpentier GL, Chen NG, Fowlkes JB, Carson PL:  A New Dual-Transducer Method of
Three-Dimensional Ultrasound Contrast Agent Imaging of Vascularity. (Proceedings of the 10th
Congress of the World Federation for Ultrasound in Medicine and Biology) Ultrasound in
Medicine and Biology, 2003, 29(5S): S53.

3. Chen NG, Fowlkes JB, Carson PL, LeCarpentier GL:  Assessment of a 3D Dual-Transducer
Ultrasound Contrast Agent Technique for Slow-Flow Vascular Imaging. Proceedings of the
Biomedical Engineering Society Annual Meeting, Baltimore, 2005.

4. Chen NG, Fowlkes JB, Carson PL, LeCarpentier GL: A 3D Dual-Transducer Ultrasound
Technique for the Assessment of Vascular Flow Using Contrast Agent Imaging. Proceedings
RSNA 91st Scientific Assembly and Annual Meeting, Chicago IL, Dec 2005.

5. Chen NG, Fowlkes JB, Carson PL, LeCarpentier GL: A 3D Dual-Transducer Ultrasound
Technique for the Assessment of Vascular Flow Using Contrast Agent Imaging. Proceedings of
American Institute of Ultrasound in Medicine 50th Annual Conference, Washington, DC, 2006.

6. Chen NG, Fowlkes JB, Carson PL, LeCarpentier GL: 3D Perfusion Measurements Using a
Dual-Transducer Ultrasound Contrast Agent. American Institute of Ultrasound in Medicine
51st Annual Conference, New York, NY, March 2007 (accepted).

Personnel

The following personnel received salary support over the course of the grant and no cost
extension periods:

Gerald L LeCarpentier Principal Investigator  Years 1-5
J Brian Fowlkes Co-Investigator Years 1-4
Nelson G Chen Graduate Research Assistant Years 1-5
Nadia Parkar Computer Systems Assistant Years 1-3
Ian Gibbs Undergraduate Assistant Year 1
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Conclusions

The dual-transducer technique provides vascular refill information highly correlated to interval
and real time imaging, while drastically reducing imaging time required for a 3D volume.  The
technique may provide measures of refill characteristics in small vessels and slow flow regions
where Doppler methods fail.  Nonetheless our previous Doppler analysis methods are well
suited to contrast agent imaging quantification and breast mass characterization.

There is a time "cost" in obtaining refill data via any clearance/imaging scheme (whether it be
interval imaging in 2D or the dual transducer method in 3D), and slow-flow regions may be
affected by contrast decay.  We have evaluated a method for estimating the signal level in 100%
blood, which should provide us the ability to: (1) monitor fluctuations of input contrast signal
level, and (2) calculate a real value for fractional blood volume.  The latter, along with our mean
transit time estimates will provide a measure of actual perfusion. Results to date are promising
in this reagrd, with perfusion estimates consistent among measurement methods and consistent
with reported values.

It is unfortunate that a small patient trial could not be undertaken within the scope of this
project.  Nonetheless, the technique appears nearly ready for such an extension in the near
future.  We continue to believe that perfusion measurements, especially in slow-flow and small
vessel situations, will aid in the understanding of and early diagnosis of suspicious breast
masses.
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Rapid 3D Imaging of Contrast Flow II: Application to Perfused Kidney Vasculature

Abstract

As noted in Part I of this study, refill imaging of ultrasound contrast in a 3D

volume is potentially superior to 2D imaging for vascular characterization. A dual plane,

dynamic refill technique was used to image a preserved porcine kidney perfused with

contrast. For a 4.7 x 5 x 9 cm3 volume, high-speed 3D refill imaging for 7 time-point

measurements up to 288 seconds was effective with an imaging time reduction of 96%

over corresponding real-time imaging. Mean transit times (MTTs) were estimated for

regions of interest (ROIs) within renal cortex in both cross-sectional and longitudinal

planes extracted from reconstructed volumes. MTTs for these ROIs were also obtained

using conventional means for comparison. After correcting for contrast degradation over

time, dual beam measurements were statistically equivalent to those conventionally

obtained. These experiments demonstrate that this dual beam technique effectively

images 3D contrast refill in greatly reduced time.

Keywords: contrast refill, perfusion, blood flow, imaging, vasculature, angiogenesis,

time-intensity curve
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Introduction

Refill imaging of ultrasound contrast agent perfusion in a three-dimensional

volume may allow superior vascular characterization of tissues when compared to two-

dimensional imaging (Carson et al. 1999). Visualization and mapping of the blood flow

within and surrounding tumors may provide a means for differentiating between benign

and malignant masses (Bhatti et al. 2001; LeCarpentier et al.1999). After contrast is

cleared from a volume, its refill can be monitored. For any given region of interest,

signal intensities can be plotted as a function of refill time and fitted to a time-intensity

curve from which the contrast mean transit time (MTT) can be estimated.

As previously described in part I (Chen et al. 2005), both traditional real-time refill

imaging and interval imaging of contrast refill are impractical in three-dimensions since

each slice plane has to be separately acquired for the duration of the refill. The number

of slices needed to constitute a three-dimensional volume is significant, and the net

acquisition time is the product of that number and the time needed to acquire a single

slice. This dependence would lead to excessive scan time requirements, during which

the volume would need to be perfused with contrast agent.

The dual-transducer technique illustrated in part I (Chen et al. 2005) is one dual-

beam method for collection of three-dimensional data. Sweeping a transducer pair,

composed of a clearance transducer and a low-power imaging transducer as a unit at

velocity v over a contrast perfused tissue volume collects the refill images of the entire

volume at a refill time. Slice separation is determined by both the trigger rate of the

imaging transducer and the translation velocity v as described in the appendix of part I

(Chen et al. 2005) and has a minimal effect on acquisition time.
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In order to test the effectiveness of a dual-beam method in imaging a perfused

vascular bed, a preserved porcine kidney is used as a three-dimensional phantom

(Holmes et al. 1984). Such a phantom contains a vascular bed and provides an

environment to test the dual transducer technique with a more realistic spatial

distribution of flow than the cylindrical tube phantom previously reported (Chen et al.

2005). Comparison of MTTs obtained in dual transducer acquisitions with those using

real-time (Porter et al. 1999; Simpson et al. 1998) and interval imaging (Kamiyama et al.

1996; Moriyasu et al. 1996; Ohmori et al. 1997; Wei et al. 1998) can be used to

demonstrate the efficacy of a dual-beam method. Validation of the three-dimensional

nature of the acquisition is performed by examining the images in the lateral-elevational

plane of the dual transducer acquisitions and comparing those images to corresponding

images directly acquired.

Theoretical Considerations

In a perfused vascular bed, contrast agent fills the blood vessels, and it is

assumed that the agent follows the fluid flow perfusing the bed. Immediately after

contrast clearance and the cessation of the high-powered insonation, contrast from

outside the disruption zone begins to refill the cleared volume. The refill can be

measured either continuously with low-power pulses (real-time refill imaging) or

intermittently at only specified times. Alternatively, the refill can be imaged at high power

at specified intervals, the contrast being cleared after each acquisition for the next time

point to be measured (interval imaging). The contrast signal intensity (assumed

proportional to the contrast concentration) at the measured time points can then be

fitted to an exponential equation of the form y(t) = A[1-exp(-t/MTT)], where A is the
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signal value at the asymptotic limit, t the time interval, and MTT the mean transit time

(Wei et al. 1998). Differing flow dynamics would result in different MTT values, while the

value of A depends on the contrast agent and its tissue concentration, and is assumed

independent of the flow itself.

Experimental Methods

Ultrasound scans were conducted within a tank lined with sound absorbent

rubber and filled with water that had been allowed to come to gas saturation. A

schematic of the experimental setup is shown in Figure 1. The kidney (preserved as

described below) was mounted beneath the water on a stand and secured with two

rubber bands. As previously described in part I (Chen et al. 2005), a dual transducer

assembly was used to demonstrate the dual beam technique by controlling both

transducer separation and translation along the transducers’ elevational direction. The

transducer assembly was mounted upon a second stand that placed the transducers

above the kidney being scanned.

A porcine kidney was obtained and preserved (Holmes et al. 1984) and

subsequently rehydrated and degassed by perfusion through the renal artery with (> 5

L) degassed water. The kidney was subsequently perfused with a 1:5000 Definity/water

suspension at 33 mL/min using a peristaltic pump (Cole-Parmer L/S pump and drive,

Cole-Parmer Instrument Corporation, Barring, IL, USA). Dual transducer scans in the

transverse orientation as shown in Figure 2 were made with the Toshiba Powervision

(Toshiba Corporation, Otawara-shi, Tochigi-Ken, Japan) system using the PVN-375AT

transducer for contrast clearance. In order to consistently adjust power output and firing
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rate, the transducer was placed in harmonic mode (power setting of P8 at a frame rate

of 10 Hz). The GE Logiq 9 (General Electric Corporation, Milwaukee, WI, USA) 7L

transducer in phase inversion (PI) mode at low power (2% acoustic output-AO) was the

imaging transducer. Images for a 90 mm thick volume of interest for refill times of 16,

32, 48, 96, 144, 288, and 432 sec with a 1 mm slice separation were acquired.  The GE

Logiq 9 was specifically adapted to store triggered images into the cine buffer through

the opening and closing of its footswitch control. As the transducer was translated, slice

separation was controlled by opening and closing the control with a solid-state relay

(manufacturer and model) with a LabVIEW (National Instruments Corporation, Austin,

TX, USA) script. For the translation speed of 6 mm/sec, a triggering rate of 6 Hz

provided the 1 mm slice separation in the acquisitions. In addition, a set of sparsely

acquired dual-transducer images were taken with a slice separation of 20 mm in order

to demonstrate the independence of the refill behavior from the slice spacing.

Refill data using real-time and interval imaging methods were collected using the

GE L9 at a single slice position in the transverse orientation for comparison with dual

transducer results. Using the footswitch trigger, fifty clearance pulses at 5 Hz were fired

at high power (100% AO), and images subsequently collected at 2% AO at a 1 Hz

frame rate for real-time refill. Interval imaging was performed using the same clearance

pulse sequence, and imaging of contrast signal for different intervals at both 2% and

100% AO. The measured signal intensities for the kidney perfused with water (no

contrast) were then subtracted from those of the other images, and fitted to the

exponential equation f(t)=A[1-exp(-1/MTT)] for a region of interest in the kidney cortex

and compared among the different methods.
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A slice in the longitudinal direction was imaged using interval imaging and real-

time refill for comparison with a longitudinal image plane extracted from the 3D volume

acquired with the dual transducer technique to demonstrate its 3D capabilities. The

extracted images in the longitudinal orientation corresponding to those directly acquired

were selected using image registration with MIAMI Fuse software developed at the

University of Michigan (Meyer et al. 1997; Meyer et al. 1999). Mean transit times for a

region of interest were recorded for each technique and compared.

Results

Representative images indicated in Figure 3 show a selected transverse slice

(i.e. with slice orientation as those acquired by the dual transducer (DT) method)

imaged using both interval imaging (II) and real-time refill (RT) compared with

corresponding DT images. Figure 4 shows some representative refill curves

corresponding to the images. In Figure 5A, the estimated MTT values are compared for

data acquired using each method, and the values follow a clear trend. Dual transducer

measurements were shorter than those otherwise measured but were consistent with

each other. The MTT for the DT sparse case is comparable to the other DT MTT

measurements, indicating that slice spacing did not affect the DT measurement results.

The MTT for the II sequence taken at 100% AO had a shorter MTT than that taken at

2% AO, and both were shorter than those acquired using RT.

The elevation in MTTs measured through real-time refill relative to data obtained

otherwise was possibly due to a slight decrease in overall contrast signal level over the

course of each experiment. Such a decay in contrast signal would cause a decrease in
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MTT measured with II at 2% AO, which requires a relatively long time to acquire and

would otherwise be expected to match the RT measured value. Contrast degradation is

minimal for RT acquisitions since any time point being measured requires only the

elapsed time from the end of the contrast clearance sequence.  For example, the time

point of 288 sec requires only 288 sec of elapsed time.  On the other hand, for the II

case where the time points were acquired sequentially, the same 288 sec (4.8 min) time

point would be acquired 714 sec (11.9 min) after initial contrast clearance at the start of

the experiment since there was acquisition time associated with all the other time points

measured. The DT scans require similar times as II; however it should be noted that the

refill imaging for the entire volume is performed during that time, as opposed to a single

slice plane acquisition in the case of RT and II.

Contrast degradation over time can be modeled as a decaying exponential of the

form y(t)=Ae-!t, with a constant !, which corresponds to a fixed percentage of contrast

signal per unit time. A slight decrease in contrast signal over time would skew the MTT

curve fit by artificially depressing the latter data points as shown in Figure 6A. Further

evidence for a slight decrease in signal level over time is found in the signal level ratios

shown in Table 1. The ratios are approximately identical at short times, but they diverge

at longer time points. Since the longer time points for II and DT are acquired at times

significantly longer than those of RT post-infusion, slight contrast degradation with time

would be consistent with this divergence in ratios.

One can compensate for the contrast decay by normalizing the measured signal

intensities by e-!t for the times t at which the images were collected. Since the refill

dynamics for the RT measurements and their corresponding II taken at an acoustic
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output of 2% are identical, the measured MTTs should be statistically identical. The

difference in their directly measured values can be ascribed to the contrast decay and

used to estimate the contrast decay over time by determining the correction factor that

would statistically equalize the MTTs. It was found that a correction factor of 4.1% per

minute applied to both the RT and II measurements would cause the mean RT MTT to

fall within the 95% confidence interval of the II measurement. Correction factors for the

other acquisitions that would equalize the measured MTTs to statistical significance are

indicated in Figure 5B.

Dual transducer images were assembled to form three-dimensional images of

the kidney for each acquisition time point. Representative reconstructed slices

corresponding to those directly acquired perpendicular to the dual-transducer images,

as well as those directly acquired images, are shown in Figure 7. For the marked ROI,

the measured MTTs for each technique follow the trend for the transverse case, and

can likewise be corrected to approximately equal values as shown in Figure 8. The

successful image reconstruction and MTT correspondence with directly acquired data

demonstrate the ability of the DT technique to generate true 3D refill data.

Conclusions and Discussion

We have demonstrated the efficacy of a new technique in contrast refill imaging.

The dual transducer technique allows the imaging of contrast destruction/refill data in a

three-dimensional volume in a drastically reduced time frame, compared to traditional

techniques (real-time refill and interval imaging). The ability of the dual transducer

technique to obtain mean transit time (MTT) measurements similar to those of
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conventional methods but in a fraction of the time, and to generate meaningful

longitudinal images perpendicular to the scan direction suggests this technique is useful

in imaging the vasculature of perfused tissue on a three-dimensional basis.

Due to the restrictions on contrast flow rate associated with the perfused kidney

phantom used here, contrast decay unfortunately plays an important role in skewing

measured MTTs. However in clinical practice contrast decay effects would be negligible

in vivo where the MTTs measured are typically much shorter (such as those from Seidel

et al. 1999) the effect of which is shown in Figure 6B. In addition, if necessary, any

decay could be readily corrected by monitoring the decay via a major vessel.

Nevertheless, the dual transducer measurements were consistent with each other

without correction, and at the very least provided a measure of relative MTT.

Correction factors that would statistically equalize (as previously described) the

RT measured MTTs with the DT scans and II at 100% AO scan were also computed

and are indicated in Figures 5B and 8B. However, the DT and II MTTs may indeed differ

from RT MTTs due to differing flow dynamics. The DT technique clears the entire

volume of interest of contrast before imaging the refill as opposed to RT, where only a

single slice plane is cleared prior to imaging. In II at 100% AO, there is the same

contrast clearance pattern as RT; however, the slice thickness of the imaging plane may

be broader due to the increased acoustic output used, causing contrast to refill the

imaging plane sooner and reducing MTT. These differences, which are not accounted

for here, could affect measured MTTs in addition to contrast degradation.

Image quality of the longitudinal images obtained using the dual transducer

technique is limited only by the acquisition frame rate and the transducer elevational
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point-spread function. Our previous work with this transducer (unpublished

observations) suggests that longitudinal image quality is not appreciably improved at a

slice separation below ~500 µm, which can be readily achieved with the dual transducer

technique with no increase in scan time requirements.

We have shown previously that the technique gives expected results in a laminar

tube flow (Chen et al. 2005) and now in a preserved kidney phantom. The DT technique

is only one of several possible dual beam methods that could be used to image a three-

dimensional volume. With a two-dimensional array, mechanical translation can become

unnecessary and acquisition times reduced from those needed by the DT technique

demonstrated here. The dual-beam techniques can readily be applied toward living

tissues with their higher flow rates and hence shorter MTTs, thereby avoiding all

contrast degradation issues, to produce a practical means of obtaining three-

dimensional contrast perfusion images.
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Time (sec) Real-time Interval Imaging (2% AO) Dual-Transducer

Rsig tacq
(sec)

Rsig tacq (sec) Rsig tacq
(sec)

16 (ref) 1 16 1 31 1 60

32 2.00 32 2.06 78 2.13 180

48 3.47 48 3.33 141 2.80 300

96 6.59 96 5.20 252 4.49 480

144 8.60 144 6.64 411 4.56 720

288 12.97 288 7.90 714 4.42 1140

Table 1 - Ratio of measured signal intensity relative to reference time point at 16 sec.

The ratios are approximately equal for all methods for short intervals, yet diverge with

longer time intervals. This divergence is most pronounced for dual transducer data

since the DT technique requires the most time, although it is also significant for the

interval imaging case. The signal reduction only at longer time points is consistent with

a gradual loss of contrast signal strength that would explain the systematic reduction in

measured MTT using the II and DT techniques. For actual studies in vivo, time-

dependent contrast degradation would not be significant because the necessary

measurement times would be much shorter (see discussion).
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Figure 1 - Schematic of dual-transducer apparatus and experimental setup. The dual-

transducer apparatus (modified from the apparatus previously reported) consists of a

dual-transducer positioning stage, which consists of translation (MT) and separation

(MS) motors. Each motor turns a threaded rod, which translates a platform that contains

a transducer holder. The platforms translate within the tracked slide. Motors are

connected to a powered control module, which contain the electronics driving the

motors. The control module is linked to a laptop computer through the DAQCard-700.

The control module also contains circuitry needed to operate the footswitch trigger and

is linked to the GE (General Electric Corporation, Milwaukee, WI, USA) Logiq 9

footswitch control in order to trigger image acquisition. Using LabVIEW scripts, the

imaging transducer (Ti) is triggered and transducers translated as required. The

transducers are positioned above the phantom being scanned, with the clearance

transducer (Tc) positioned at the edge of the volume of interest. The phantom is

continuously perfused with dilute (1:5000 concentration) contrast pumped from a stirred

flask.

Figure 2 - Kidney phantom with transducer orientations. The kidney phantom is

perfused through the renal artery that is connected to a pump. All dual transducer scans

are acquired by translating the transducers as indicated by the arrows, with the

transducers oriented in the transverse orientation. For comparison with reconstructed

images acquired with the dual transducer technique, the imaging transducer was

oriented in the longitudinal orientation perpendicular to the transverse orientation as

shown.
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Figure 3 - Representative transverse images obtained for a representative slice from

preserved porcine kidney with interval imaging, real-time refill, and the dual transducer

technique for refill times of 0, 16, and 288 sec. Images from real-time refill and dual

transducer are obtained with the same acoustic settings as the 2% acoustic output

interval imaging data. Interval imaging images obtained at 100% acoustic output are

brighter because of the high transducer output used to obtain the images. Contrast

clearance was obtained for both interval imaging cases and real-time refill using 50

pulses at 5 Hz at an acoustic output of 100%. The separate clearance transducer

provided contrast clearance for the dual-transducer measurements. A rectangular

window marks the region of interest in subsequent mean transit time comparisons.

Figure 4 - Example of measured refill curves. Abbreviations used are as follows: II -

Interval Imaging, RT - Real-Time refill, DT - Dual Transducer technique, MTT - Mean

Transit Time. Real-time refill imaging provides nearly continuous data for the ROI.

Interval imaging and the dual transducer technique provide measurements at specific

time points only; however, with a judicious selection of measured points, the MTT can

be estimated. The II acquisition was obtained at an acoustic output of 2%. An image

was obtained for the II case at 432 sec; however, its corresponding point (255) was

excluded because including it would dramatically increase the sum of the squares of the

errors (480 vs. 15054). Therefore, the data point was considered an outlier. Fitted MTT

results (in sec) for these curves are RT - 182.23, II - 101.44, and DT - 44.55. The earlier



17

saturation and subsequent signal drop of the II and DT cases are probably due to

contrast degradation over time.

Figure 5 - (A) Comparison of data obtained for a given transverse slice, with the ROI

(regions of interest) indicated in Figure 8. Numerals refer to repeated acquisitions using

the stated method (e.g. DT 3 - third acquired dual transducer data set). Error bars

indicate the 95% confidence interval of the mean transit time value, as fitted to the

expression A[1-exp(-1/MTT)] for measured data points. Percentages (for II) refer to the

acoustic output (AO) used for readout after set of clearance pulses. Sparse refers to the

acquisition where images were obtained at a large (20 mm) slice separation. DT

measurements, although differing in absolute terms from corresponding measurements

otherwise made, provide a consistent metric of MTT. (B) Factoring in the degradation of

contrast agent signal with time, the MTTs can be corrected to values within statistical

significance. Because the imaging and flow dynamics are identical for the RT

measurements and the II measurement at 2% AO, the MTT should be identical for the

measurements. Correcting the RT and II measurements with a contrast degradation

factor of 4.1 percent per minute would make the II MTT value statistically equal to the

mean of the RT measurements. Applying correction factors (in percent per minute) for

the other measurements as indicated would cause the RT MTT mean to be within their

95% confidence interval.

Figure 6 - Effect of contrast decay. If contrast has a rate of decay proportional to the

amount present, then its signal intensity would decrease exponentially with time. The
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effect on measured MTTs however would only become apparent for experiments

requiring relatively long acquisition times. The contrast signal reductions caused by this

decay results in the apparent decrease in MTT. (A) Shown are the expected curves for

refill dynamics that, with no decay, would result in a 150 sec MTT. Due to the time

required to acquire the data set through interval imaging (the time points 16, 32, 48, 96,

144, 288, and 432 sec being acquired at 31, 78, 141, 252, 411, 714, and 1161 sec

respectively after beginning acquisition), the observed results are significantly skewed,

and without correction would produce a 75 sec MTT. DT acquisitions would also be

affected due to their relatively long duration. (B) Contrast decay for short durations. For

shorter experimental times, signal decay effects are barely noticeable, as signal level

changes are primarily due to contrast fill. Shown here are an ideal refill curve with a 10

sec MTT, measured out to 30 sec and the corresponding II data for a 3%/min decay

rate measured at 10, 20, and 30 sec time points for a total acquisition time of 60 sec. In

contrast to the previous dramatic skewing of measured MTT, the measured MTT for the

II measurement is 9.4 sec. Contrast decay is only significant in longer experimental

acquisitions, and would likely be negligible in vivo, where experimental duration is

significantly shorter.

Figure 7 - Representative longitudinal kidney images analogous to those in Figure 3.

The kidney was rotated 90° and had interval refill data (at 100% and 2% acoustic

output) and real-time refill measurements taken for the slice plane shown. Refill images

for 0, 16, and 288 sec are displayed, with the ROI marked by a rectangular window.

Contrast clearance was achieved with 50 100% AO pulses at 5 Hz. The dual transducer



19

images were obtained by stacking the transverse images from the dual-transducer

scans in the elevational direction, and selecting the plane closest to that seen with the

perpendicular scans through image registration with the MIAMI Fuse software. The

images obtained are of a lower quality because of both the slice separation of 1 mm,

and the transducer point-spread function in the elevational direction. However, one still

observes contrast filling with time. The marked ROI is that which corresponds closest to

the ROI marked in the directly acquired perpendicular images.

Figure 8 - (A) Comparison of mean transit time (MTT) data for perpendicular kidney

images with the ROI as indicated in Figure 7. Recon refers to the images formed from

the transverse dual transducer scans. MTT trends are identical to those in Figure 5 for

analogous reasons. Dual transducer data was consistent among the three acquisitions.

Error bars refer to the 95% confidence interval of the curve fit MTT. (B) Results obtained

after applying a correction factor analogous to that in Figure 10B. Applying a correction

for degradation of 5.3%/min makes the II curve acquired at 2% AO statistically equal to

the mean of the corresponding RT measurements. The other measurements require

correction factors as indicated to yield MTTs equal to the mean of the RT

measurements.
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Fig. 1.
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Fig. 2.
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Fig. 3.



23

Fig. 4.
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Fig. 5.
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Fig. 6.
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Fig. 7.
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Fig. 8.
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Doppler ultrasound and other imaging modalities have been used to assess characteristics of 
vasculature associated with malignant breast masses.  Specific to our institution, promising 
results have been achieved in discriminating benign from malignant masses using Doppler 
vascularity measures in conjunction with ultrasound grayscale features.  In addition to 
characterization, co-registration of sequential image volumes of malignant masses for 
sequential assessment chemotherapy treatment has been undertaken by our group. 
 
The purpose of this work is to develop an innovative dual-transducer method to control the 
destruction and imaging of ultrasound contrast during 3D ultrasound scanning of suspicious 
breast masses.  This method, which involves sequential scanning and co-registration of 
image volumes acquired during contrast refill, should provide mapping of vascularity 
around these masses and highlight the associated anatomic variation in mean transit time. 
 
Progress of the construction and testing of the mechanical, electrical, and software 
components of the scanning apparatus are presented here.  Eventually, this new imaging 
scheme will be evaluated in a small patient population to begin to establish the refill 
characteristics for a variety of suspicious breast masses, and appropriate mathematical 
models will be developed to characterize contrast agent refilling following destruction 
specific to the dual-transducer system.  Experimental assessment of contrast agent life-span, 
destruction characteristics, and refill imaging has been undertaken in flow phantoms.  The 
feasibility of producing accurate 3D refill maps will be evaluated, and a software system 
will be developed to visualize quantification of regional perfusion in and around the region 
of interest.  Preliminary results are presented here. 
 
The innovative technique currently in development may allow rapid 3D imaging of the refill 
rate and may also prove effective in imaging small slow-flow microvasculature.  This may 
be particularly relevant in the detection of vascular anomalies associated with angiogenesis 
near new tumor growth, which in turn would likely improve the ability of ultrasound in 
discriminating benign from malignant breast masses as well as broaden existing knowledge 
of tumor physiology. 
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INNOVATIONS IN TECHNOLOGY
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Does real-time updating of volume-rendered three-dimensional
ultrasound images significantly degrade target and device
conspicuity compared to static three-dimensional ultrasound?
Rose SC,* Nelson TR, Radiology, University of California, San
Diego Medical Center, San Diego, CA

Objective: The aim of this study was to determine whether activitation
of real-time updating (4D US) of volume-rendered (VR) 3D US causes
degradation of target or device conspicuity compared to static VR 3D
US. By perceiving motion, VR 4D US imaging may be more intuitive
and allow interactive feedback during interventional procedures.
Methods: US phantoms were made using a petroleum gel. Cornstarch
was used to vary the echotexture. Three phantoms were created with (1)
no starch (hypoechoic), (2) 5 ml of starch (isoechoic), and (3) 15 ml of
starch (hyperechoic) added. Each phantom had 2-cm diameter hypo-
echoic, isoechoic, and hyperechoic gel targets imbedded. Implanted
devices were a 22-gauge needle and a 14-gauge radiofrequency abla-
tion probe (shaft and tines) introduced into the background gel at 20
and 60 degree inclinations. Identical 3D US volume data sets were
acquired with the static mode (3D US) and real-time updated mode (4D
US). Combinations of 7 postprocessing display parameters were tested.
Conspicuity of the targets and devices were judged on a five-point
visibility scale. Ratings for 4D US were compared to 3D US for each
tested variable.
Results: Conspicuity of the target lesions and devices varied widely,
from perfect visualization to not identifiable, depending on background
and target echotexture and which postprocessing parameters were used.
Activation of 4D US resulted in no change, degradation, or improve-
ment of conspicuity in 66.1%, 25.4%, and 8.5% of targets, respectively,
and 80.3%, 14.8%, and 4.8% of devices, respectively, compared to
static VR 3D US images.
Conclusions: 4D US VR does not result in significant reduction in
target and device conspicuity compared to 3D US VR imaging, and
may be feasible for interventional applications in an appropriate acous-
tic environment and with correct selection of postprocessing imaging
parameters.

32824

A new dual-transducer method of three-dimensional ultrasound
contrast agent imaging of vascularity
LeCarpentier GL,* Chen NG, Fowlkes JB, Carson PL, Radiology,
University of Michigan, Ann Arbor, MI

Objective: Although promising results have been achieved in assessing
benign from malignant masses in the breast, prostate, and other organs
using Doppler ultrasound, certain limitations remain. Of particular
interest is slow flow and small vessel imaging in 3D. The purpose of
this work is to develop a dual-transducer (DT) method of controlling
the destruction and imaging of ultrasound contrast in 3D, aimed spe-
cifically at imaging vascular anomalies in these suspicious masses.
Methods: To date, all experimental procedures have been performed
on flow phantoms. As controls, contrast (definity) flows at various
speeds and concentration were imaged laterally in a tube phantom
using a GE Logic 9 in a contrast imaging mode (GE9). In the DT
scenario, cross-sectional images were acquired along the tube, and
sequential scanning of image volumes acquired during contrast refill
was performed. A Toshiba Power Vision 8000 (TPV) was used to
destructively sweep the region and create a contrast-cleared front in the
volume. The GE9 transducer followed behind that of the TPV and
imaged continuously. The transducers were set various distances apart

while both swept the region on a mounted and controlled motor system.
The sweep speed was held constant such that the distances between the
destruction and imaging transducers would correspond to particular
times during refill. Sequential image volumes were reconstructed from
the GE9 data sets.
Results: Contrast agent concentrations less than 4:10000 were linearly
related to signal intensity in a 6-mm tube. In the control sets, the
expected 2D parabolic evolution of the flow profile was seen. The DT
images did not suffer the 2D limitation, and image planes reconstructed
as slices along the tube displayed striking clarity and clear definition of
flow profile information.
Conclusions: Preliminary results suggest that slow flow can be visu-
alized and tracked in 3D, and the DT technique may provide measures
of tissue refill characteristics unobtainable with current Doppler meth-
ods. Given the correlation of neo-vascularization and tumor growth,
this imaging method has the potential of detecting and enhancing
understanding of changes in microvasculature at early stages of tumor
development.
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Precise real-time superposition of ultrasound with reformatted
CT-MR-SPECT-PET images using three-dimensional navigation
Bale RJ,*1 Kovacs P,1 Lang B,1 Knoflach M,1 Bodner G,1 Profanter
C,2 Prommegger R,2 Jaschke W,1 1. Radiology I (SIPLab),
University Hospital Innsbruck, Innsbruck, Austria, and 2. Surgery,
University Clinic Innsbruck, Innsbruck, Austria

Objective: The aim of this study was to present a novel technique of
multimodal imagefusion using 3D navigation.
Methods: The patient is immobilized, and the CT/MR/SPECT/PET
images are sent to the StealthStation navigation system. After registra-
tion of the patient, the ultrasound probe is calibrated. The navigation
system tracks the position of the ultrasound probe and calculates the
probe in relation to the patient’s anatomy. The preoperative CT/MR/
SPECT/PET images are reformatted to the orientation of the ultrasound
image and display next to the ultrasound image. Images can be taken as
snapshots or acquired in brief movies. Being able to display the
corresponding modalities side-by-side helps the radiologist to interpret
the anatomy shown in the oblique ultrasound planes. Special software
tools allow for blending the correlated CT/MR/SPECT/PET and ultra-
sound images. Color Doppler ultrasound may be used for more detailed
vascular information.
Results: SonoNav allows for precise real-time correlation of CT/MR/
SPECT/PET with ultrasound images in variable reformatted planes.
However, the accuracy has to be evaluated in further studies.
Conclusions: The resulting information is very helpful for anatomic
studies as well as for conclusive multimodality-based diagnosis.
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Ultrasound goes to the digital movies: Cine-loops and PACS
software
Kovacs P,* Peer S, Gruber H, Jaschke WR, Bodner G,
Radiodiagnostics I, University Hospital, Innsbruck, Tyrol, Austria

Objective: Ultrasound is inherently dynamic and allows for functional
evaluation of various organ systems. Normally, this information is only
available to the examiner, and demonstration is impossible except with
videotaping. Our aim was to bring back in mind that ultrasound can be
presented in a dynamic way using latest PACS (picture archiving and
communication system) software.
Methods: On an HDI-5000 (ATL, USA), cine-loop software allows
picture-by-picture transfer of dynamic investigations to PACS systems.
Tools in the J-Vision PACS software (TIANI, Austria) play these
pictures in a movie sequence and provide dynamic informations to all

Abstracts S53
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877.  P4.125.  Assessment Of A 3D Dual-Transducer Ultrasound Contrast Agent Technique For Vascular 
Imaging 
N.G. CHEN, J.B. FOWLKES, P.L. CARSON AND G.L. LECARPENTIER

 

University of Michigan, Ann Arbor, MI 
3D ultrasound imaging of vascular flow and possible anomalies requires contrast refill images for all slices. Impracticably long scan times are 
needed for 3D real-time (RT) imaging. We assessed a modified contrast interruption dual-transducer technique (DTT) in overcoming this 
limitation. A positioning system was designed to control separation distance (SD) and to translate in-line two transducers (one to clear, one to 
image) above a slow-flow phantom consisting of a foam encased thin-walled tube. By performing multiple sweeps using various SD, image 
volumes at various times during refill were obtained. Lateral images extracted from reconstructed 3D DT volumes were compared with 
theoretical flow profiles. Preliminary measurements of a perfused kidney phantom were also compared to RT imaging. For both flow rates 
measured, contrast imaged in the tube approximated predicted profiles with slight tip truncation where excessive contrast destruction was the 
most likely. Regardless, flow velocities computed using measured profiles were within 15% of their predicted value on average. DTT scans 
required ~21-28 sec, 80-140 times less than corresponding RT scans. 3D DT scans of the kidney showed remarkable detail, and lateral images 
extracted from the reconstructed volume were consistent with measured RT. Conclusion: By drastically reducing scan time, the DTT makes 
reproducible 3D contrast-interruption scanning feasible and may facilitate 3D visualization of slow flow and microvascular refill. 
Acknowledgment: This work was sponsored by federal grants DAMD170110327 and R01DK56658. 
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 PURPOSE

 

Imaging slow vascular refill in 3D using
ultrasound contrast requires images be
acquired during the entire refill time for each
slice in the volume. Thus, 3D real-time
imaging (RT) and interval-imaging (I-I)
techniques are extremely time-intensive. Our
purpose was to assess a dual-transducer
technique (DT) to overcome this problem.

  
 METHOD AND MATERIALS

 

A computerized positioning system was
developed to control separation distance and
translation of two transducers (one to clear
contrast, one to image) mounted inline. A
perfused porcine kidney was used as the
experimental flow phantom. By varying
separation distance and performing multiple
sweeps, the imaging transducer captures a
series of images in time and space that are
constructed into a 4D contrast refill volume.
Contrast mean transit times (MTTs) were
calculated for select ROIs in sample
transverse and longitudinal image planes
extracted from 3 reconstructed DT volumes.
These were compared with MTTs acquired in
similar planes using RT and I-I. Because of
systemic contrast decay in this slow-flow
model, contrast intensities observed during
successive RT measurements were used to
estimate decay rates and correction factors
for comparisons of RT, DT, and I-I MTTs.

  
 RESULTS
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DT produced image volumes of remarkable
spatial detail at scan times 4% of that needed
for RT acquisition, and 1.6% of that needed
for I-I. MTTs for transverse DT images were
consistent with each other though slightly
shorter than those of corresponding I-I and
RT scans. Accounting for contrast decay over
time, all MTTs were consistent within
statistical significance (p<0.05). Longitudinal
DT images extracted from the 3D volumes
correlated similarly with measured longitudinal
RT and I-I image sequences.

  
 CONCLUSION

 

The DT technique offers a means to acquire
3D US contrast image volumes where
conventional schemes would be unrealistic. It
provides reproducible vascular refill
information, and estimated MTTs are
consistent with current methods after
accounting for contrast decay, which may be
minimal in vivo. Results suggest the
technique may facilitate 3D visualization of
slow flow and microvascular refill. This work
was sponsored by federal grants
DAMD170110327 and R01DK56658.
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ABSTRACT BODY: 
OBJECTIVE : Perfusion mapping requires measures of mean transit time (MTT) as well as
fractional blood volume (%BV). So called interval-imaging (I-I) methods may provide
perfusion measures, but may be time prohibitive in 3D. Our purpose was to assess a
previously reported dual-transducer technique (DT) extended to actual perfusion
measurements, evaluated at 2 different flow rates.

METHODS: In-line separation distance and translation of two transducers were controlled by
a computer interfaced positioning system. An imaging transducer captures a series of images
at a given delay behind a clearance transducer such that multiple sweeps at varying
transducer separations can be reconstructed into a 4D contrast refill volume. Such sweeps
were performed over a fixed porcine kidney flow phantom perfused at 2 flow rates, and I-I
scans were performed through a single plane, which was compared to a single plane extracted
from the DT volume. Each test scenario was repeated at least 4 times. Signal levels
throughout a region of interest (ROI) were normalized to the signal level in a major vessel to
obtain %BV over time and at steady state, and contrast MTTs and overall perfusion rates
were calculated for both methods.

RESULTS: For a volume the size of our kidney phantom, I-I in 3D would require 63 times as
long an acquisition duration as that for the DT method. There were no statistically significant
differences between perfusion estimates in the ROI using DT versus I-I. The trends in
perfusion rate varied with flow rate as expected; however, local perfusion rates in the ROI did
not closely follow overall input flow rates for either method. Perfusion rates were more
dependent on %BV than MTT in all cases.

CONCLUSIONS: Consistency between DT and I-I suggests that DT is a viable alternative in
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measuring perfusion and shows promise over I-I methods when 3D information is preferred.
Since our normalization scheme is performed on each image, %BV estimates are independent
of contrast decay over time. Strong dependence of perfusion calculation on %BV may indicate
vessel dilation at higher flow rates, and a reproducible method for estimating %BV is
essential. This work was sponsored by grants DAMD170110327, R01DK56658, and
P01CA87634.
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